An effective drying model should be accurate and require a small number of experiments to generate the parameters. The relative activation energy of various food materials, important drying kinetic properties used in the reaction engineering approach, is evaluated and summarized. The reaction engineering approach is then implemented to model the global and local drying rates of food materials. By using the relative activation energy, the reaction engineering approach describes the (R 2 higher than 0.99) global drying rate of food materials well. The reaction engineering approach can be coupled with a set of equations of conservation of heat and mass transfer to model the local drying rate of food materials. The relative activation energy is indeed proven to be accurate to model the local drying rate. While the predictions are accurate, the reaction engineering approach is very effective in generating the drying parameters since the relative activation energy can be generated from one accurate drying run. Different drying conditions of the same material with similar initial moisture content would result in the similar relative activation energies. The drying kinetics parameters generated here are readily used for design of new equipment, evaluating the performance of existing dryers, and monitoring the product quality.
INTRODUCTION
The effective drying model should be accurate, physically meaningful, and require a minimum number of experiments to generate the drying kinetics parameters. The reaction engineering approach (REA) has been created and researched by the group of Professor X. D. Chen since 1996 and it was shown to be capable of modeling various challenging drying cases accurately.
The REA relies on the relative activation energy to represent the change of internal behavior of materials during drying. It can be obtained from one accurate drying run, then it can be implemented for modeling drying of the same material with the similar initial moisture content at other conditions. Although the REA has been proven to be accurate to model various challenging drying cases, [3] [4] [5] [6] there have been no comprehensive reports on the relative activation energy of various food materials for describing the global and local drying rates. The aim of this article is to summarize the relative activation energy of various food materials as well as show the applicability of these relative activation energies to model the global and local drying rates. The outline of the article is as follows: initially the REA is introduced, followed up by summary of relative activation energies of various food materials and the implementations to describe the global and local drying rates of food materials.
REA
The REA is an application of chemical reaction engineering principles to model drying kinetics. [1, 2] In general, the drying rate of a material can be expressed as: [1, 2] 
where m s is the dried mass of material (kg), t is time (s), X is the average moisture content on a dry basis (kg.kg -1 ), ρ v,s is the vapor concentration at the material-air interface (kg.m -3 ), ρ v,b is the vapor concentration in the drying medium (kg.m -3 ), h m is the mass transfer coefficient (m.s -1 ) and A is the surface area of the material (m 2 ). The mass transfer coefficient (h m ) is determined based on the established Sherwood number correlations for the geometry and flow condition of concern or established experimentally for the specific drying conditions involved. [1] The surface vapor concentration (ρ v,s ) can be scaled against saturated vapor concentration (ρ v,sat ) using the following equation: [1, 2] 
where ΔE v represents the additional difficulty to remove moisture from the material beyond the free water effect. This ΔE v is moisture content (X) dependent. T is the temperature of the material being dried (K), and ρ v,sat (kg.m -3 ) for water can be estimated with the following equation: [7] 
where T is temperature (K) based on the summarized data. [8] The mass balance (Eq. 1) is then expressed neatly as:
The activation energy (ΔE v ) is determined experimentally by placing the parameters required for Eq. (4) in its rearranged form:
where the drying rate, temperature and surface area during drying are experimentally determined for the material of concern. The dependence of activation energy on moisture content on a dry basis (X ) can be normalized as:
where f is a function of water content difference, ΔE v,b is the "equilibrium" activation energy representing the maximum ΔE v under relative humidity and temperature of the drying air:
X b is the equilibrium moisture content on a dry basis corresponding to RH b and T b which can be related to one another through the equilibrium isotherm of the same material. The experiments conducted to generate the relative activation energy (Eq. 6) generally employ fairly dry air so the relationship covers a complete range of water content difference ðX À X b Þ while X b in the experiments for generating REA parameters is set to be very small value.
It is specific to a material since this essentially describes the internal behavior of the material during drying. It is emphasized that the relative activation energy of a material can basically be generated from one accurate drying run since different drying conditions resulted in the similar profiles of relative activation energy provided the similar initial moisture content. [2, 9] It can then be implemented to project drying kinetics of the same material with similar initial moisture content under other drying conditions.
DRYING KINETICS PARAMETERS GENERATED BY THE REA
In this study, the drying kinetic properties of food materials, represented in the relative activation energy (ΔE v /ΔE v,b ), are determined and reported as a kind of food engineering property. Based on the published experimental data of drying kinetics of various food materials, the relative activation energy is evaluated. For each material, the activation energy is calculated using Eq. (5) and divided by the equilibrium activation energy shown in Eq. (7) to yield the relative activation energy represented in Eq. (6) . The relationship between the relative activation energy and the differentiated moisture content ðX À X b Þ is expressed by a simple algebraic equation as long as it is accurate. The least-square error method implemented in MS Excel® is used to generate the relationship. The relative activation energies of various food materials are shown in Fig. 1 . A good agreement between the experimental and fitted relative activation energy is indicated by R 2 which is higher than 0.99.
The profiles of various relative energy functions shown in Eqs. (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) are presented in Fig. 1 and listed in Table 1 . It is shown that the shape of the relative activation energy is dependent on the materials. However, for all materials, it is zero near the start which indicates pure water evaporation. As drying progresses, the relative activation energies of all materials keep increasing which shows the increase of difficulty to remove the moisture from the materials being drying. When the equilibrium moisture content is achieved, the relative activation energy is 1. As mentioned before, the relative activation energy, generated from one accurate drying run for a material, can be used to describe the drying processes of the same material, provided the initial moisture content is similar. [2, 9] Therefore, the REA is very effective to generate the drying parameters. The following sections give examples of the accuracy of the relative activation energy to model the global and local drying rates of food materials.
GLOBAL DRYING RATE MODELED USING THE REA
In order to yield the profiles of global drying rate during drying, the relative activation energy needs to be implemented in the mass balance shown in Eq. (4) and combined with the heat balance. For convective drying conditions, the heat balance can be expressed as:
where m is sample mass (kg), C p is the heat capacity of the sample (J.kg
), T avg is the average temperature (K), T b is the drying air temperature (K), h is the heat transfer coefficient (W.m -2 .K -1 ), and ΔH v is the heat of vaporization of water (J.kg -1 ). The drying rate dX =dt is negative when drying occurs. Solving the mass and heat balances shown in Eqs. (4) and (19) , respectively, simultaneously in conjunction with the relative activation energy of a material results in the profiles of average moisture content and temperature versus time.
Several examples how to apply the relative activation energy concept to describe the global drying rate are shown here. Figures 2 and 3 present the results of modeling of convective drying of coffee and chestnuts using the REA. Figure 2a indicates that the REA accurately describes the moisture content profiles during drying of coffee at drying air temperature of 46, 55, and 69°C. The results of modeling match well with the experimental data. Similarly, for temperature profiles, a good agreement between the predicted and experimental data is shown in Fig. 2b (R 2 higher than 0.993). Figure 3a shows the moisture content profiles during convective drying of chestnut tissues at drying air temperature of 45 and 65°C. The REA accurately predicts the moisture content profiles during convective drying of chestnut tissues. The temperature predictions of the REA during the convective drying are shown in Fig. 3b . The REA indicates reasonable predictions of the temperature profiles. During drying, the 
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temperature increases and it approaches drying air temperature at equilibrium conditions. The REA is accurate to model the convective drying of chestnut.
It has been demonstrated that the REA is accurate to model the global drying rate of food materials. The accuracy of the REA may be because of the accuracy and flexibility of the relative activation energy. The combination of the relative activation energy and equilibrium activation energy seems to be able to capture the change of environmental conditions, and reflect it to the change of internal behavior during drying. While the results are accurate, the mathematical modeling of the REA is relatively simple. The REA can yield as an alternative of diffusionbased models, commonly implemented to model drying cases. However, the REA requires a lesser number of experiments to yield the drying parameters than the diffusion-based models. [10] The REA may be used in several drying schemes to monitor quality changes during drying and design drying trajectories to achieve the desired product properties. [11, 12] 
LOCAL DRYING RATE OF FOOD MATERIALS MODELED USING THE REA
For porous materials being dried, where the internal pore is open and a vapor air phase exist, the evaporation can occur inside porous materials where the surface-solid water vapor concentration is higher than the concentration of water vapor inside the pore spaces. [8, 13] In the multiphase model, the local evaporation rate yields as depletion and generation term for mass balance of liquid water and water vapor, respectively. [8, 13, 14] Upon solving the mass and heat balances, the spatial profiles of moisture content, concentration of water vapor, and temperature can be generated. [8, 13, 14] Since the REA has been proven to model the global drying rate of various thicknesses of food materials, [3, 4] it is applied to model the local drying rate as affected by local composition and temperature. The relative activation energy, generated from one accurate drying run and mentioned above to model the global drying rate, is applied to model the local drying rate by implementing the local moisture content. Using the REA, the local drying rate can be expressed as: (20) is combined with a set of equations of conservation of heat and mass transfer to yield a non-equilibrium multiphase model, called as the spatial reaction engineering approach (S-REA) which consists of a mass balance of liquid water, a mass balance of water vapor and a heat balance. As an example of implementation of the S-REA (in which the "local" relative activation energy is used to describe the local drying rate), the modeling of bread baking using the S-REA is presented below.
For a better understanding of the modeling, the experimental setup of bread baking is briefly reviewed here. The experimental data is taken from the previously published work. [15] Baking is conducted in domestic oven at temperature of 190 ± 5°C for 20 min. The initial diameter and height of the samples are 7 and 3.5 cm, respectively. The dough is put into an oven and supported using a metal plate. The volume change during baking is recorded using a digital camcorder and the temperature is measured by temperature probes placed inside the dough and read by the FISO ® measurement system (FISO Technologies, Quebec, Canada). In order to determine the average moisture content, a similar baking experiment was conducted. At a particular time, the dough is taken from the oven for 2-3 s for weight measurement, this does not significantly change the weight of the dough compared to the process without removal from the oven. [15] For symmetric and axisymmetric 2D modeling, a quarter of the product is simulated. [16] The mass balance of water in the liquid phase (liquid water) is written as: [17] [18] [19] [20] [21] [22] 
while the mass balance of water in the vapor phase (water vapor) is expressed as: [17] [18] [19] [20] [21] [22] is >0 when evaporation occurs locally. The heat balance is represented by the following equation: [17] [18] [19] [20] [21] [22] 
where T is the sample temperature (K), k is the thermal conductivity (W.m
) and ΔH v is the heat of vaporization of water (J.kg -1 ). The initial and boundary conditions for Eqs. (21) (22) (23) are:
where L and H are the radius and height of dough (m) while ε w and ε v are the fraction of surface area covered by liquid water and water vapor, respectively. ρ v,b and T b are the water vapor concentration in gas medium (kg.m -3 ) and gas temperature (K), respectively. The relative activation energy (ΔE v /ΔE v,b ) is generated from one accurate baking experiment at a baking temperature of 190°C. This can be represented as:
The activation energy is calculated using Eq. (5) based on experimental data of baking at 190°C and the equilibrium activation energy is evaluated according to Eq. (7). The activation energy is divided by the equilibrium activation energy to result in the relative activation energy shown by Eq. (6). The relative activation energy and moisture content can then be related to the moisture content by using non-linear regression implemented in Microsoft Excel® to yield Eq. (29). The relative activation energy as the fingerprint of the REA can be applied to other conditions provided the same material with the similar initial moisture content. [2] In the S-REA, the relative activation energy shown in Eq. (29) can be implemented but since the REA is used to describe the local evaporation/condensation, the local moisture content (X) is used in Eq. (29).
The effective vapor diffusivity is deduced from:
while D vo is the water vapor diffusivity (m 2 .s -1 ) which is dependent on temperature, which can be expressed as: [24] D vo ¼ 2:09 Â 10 À5 þ 2:137 Â 10 À7 ðT À 273:15Þ
The turtuosity (τ) of the samples is generally related to the porosity. The relationship can be represented as: [25, 26] 
where n is the value between 0 to 0.5. [25, 26] C s is the solid concentration which can be expressed by: [18] [19] [20] [21] [22] 
while ε is the porosity, dependent on shrinkage and local moisture content. This can be determined according to: [27] ε
where ε 0 , V 0 , V, ρ s , and ρ w are initial porosity, initial volume (m 3 ), volume (m 3 ), density of solid (kg.m -3 ), and density of water (kg.m -3 ), respectively. h m,in shown in Eq. (11) essentially describes the inverse of resistance of evaporation from pore surface to void space inside the samples. Initially, the moisture is present in the void spaces of pores and within the pores. As drying proceeds, the moisture may migrate within the pores (on the pore surfaces) by liquid (surface) diffusion and from the surfaces of the pores through evaporation. The internal mass transfer coefficient shown in Eq. (11) incorporates the restriction factor as it may be affected by the pore structure and pore network inside the samples. This makes the value of h m,in grow from small value to the value of~D v /r p (when constriction factor = 1). [17, 18] The liquid water diffusivity is represented as: [28] 
In order to yield the profiles of spatial moisture content, water vapor concentration and temperature, Eqs. Method of lines is used to solve the partial differential equations by transforming partial differential equations into a set of ordinary differential equations. Solver ode23s in Matlab® is used to solve the set of ordinary differential equations. The results of modeling are then benchmarked toward the previously published experimental data and modeling. [15] The results of modeling using the S-REA are shown in Figs. 4 and 5. Figure 4 describes the profiles of average moisture content during baking. The S-REA models the profiles of moisture content reasonably well (R 2 of 0.971). Benchmarks against modeling implemented by Zhang et al. [15] show that the S-REA gives a better agreement toward the experimental data. The S-REA is accurate to model the moisture content during bread baking.
For the temperature profiles, the S-REA models well the surface and center temperature as shown in Fig. 5 (R 2 of 0.988). Benchmarks against modeling implemented by Zhang et al. [15] indicate that the S-REA gives comparable results of surface temperature as shown in Fig. 5a . Figure 5b indicates that the S-REA results in slight overestimation of the center temperature initially but the S-REA predictions match well with the profiles of experimental data for the remaining baking period. On the other hand, the modeling implemented by Zhang et al. [15] results in a good agreement during the initial baking period, but it gives an overestimation of temperature profiles during a baking time of 250 and 500 s and underestimation of temperature profiles after a baking time of 500 s.
It is interesting to see here that the S-REA can describe the simultaneous heat and mass transfer process accompanied by complex chemical reactions and structural changes. The accuracy of the S-REA could be because of the applicability of the REA to capture to local evaporation/condensation and changes inside the samples during bread baking. The combination of the equilibrium and relative activation energy seems to be flexible to capture the DRYING KINETICS PARAMETERS-REACTION ENGINEERING APPROACH environmental effect and reflect it to the local changes during baking. The REA coupled with a set of equations of conservation represented in Eqs. (21) (22) (23) seems to be sufficient to describe the physics of bread baking.
The profiles of moisture content and temperature can be combined with established equations to project the color kinetics and probiotics survival during breadbaking. The S-REA may also be adopted in process design to explore various baking schemes favorable for energy minimization. Alternatively, it can also be implemented computational fluid dynamics (CFD)-based simulations to predict the flowfield inside baking chamber-a multiscale modeling exercise. The S-REA is not only effective to model the convective drying, intermittent drying, and heat treatment of wood, [19] [20] [21] but also the bread baking process, a simultaneous heat and mass transfer process with complex structural, chemical, and biochemical changes. 
6. 
CONCLUSION
In this article, the relative activation energy of various food materials, important drying kinetics properties, is determined and reported. The relative activation energy generated from one accurate drying run is applied to model drying of the same material at other drying conditions. The relative activation energy implemented in REA modeling accurately describes the global drying rate. The relative activation energy, used to model the global drying rate, is further implemented to describe the local drying rate by applying the local composition and temperature. By implementing it in the S-REA, the relative activation energy is shown to accurately model the local drying rate. This kind of expression is an important representation of the generation and movement of volatiles in heat and mass transfer processes.
